DNA fragments comprising units of the repeated histone genes from the sea urchins Psammechinus miliaris and Echinus esculentus were placed under the control of bacteriophage X promoters by cloning into A replacement vectors. Although promoter-like regions exist within the cloned fragments, transcription of the histone genes is controlled mainly, but not exclusively, by A P L promoter. A transcription map of the cloned P. miliaris histone DNA fragment was obtained. The order of histone genes in E. esculentus was deduced from electron microscopic analyses of heteroduplexes with P. miliaris histone genes, and is similar to that in P. miliaris. Translation products of the transcripts have not been found in E.coli.
INTRODUCTION
The histone genes of sea urchins are amongst the best characterised genes in lower eukaryotes. The structure and organization of these sequences have been revealed in detail by cloning the histone genes from different species and determination of their nucleotide sequence (1) (2) (3) . Their transcription and regulation is being studied extensively (4) (5) (6) (7) (8) (9) (10) (11) .
The bacteriophage A genome is a useful receptor molecule for construction of in vitro recombinants because DNA fragments from any source may be inserted so that their expression is regulated by the phage systems (12, 13) .
In order to study the expression of eukaryotic genes in a prokaryotic organism such as E.coli, the well characterised 6.2kb histone gene cluster from the sea urchin Psammechinus miliaris (3, 14, 15) and the 7.1kb histone. gene cluster from Echinus esculentus which had been cloned originally in A insertion vectors (16, 17) were transferred to the replacement vectors (18) ANM762 and ANM781, respectively, so that, depending upon the orientation of the inserted fragment, transcription of the histone genes would be controlled by APL or P'R promoters. This paper describes the characterisation of these new recombinants and both in vivo and in vitro studies of the transcription of the cloned histone genes.
MATERIALS AND METHODS
Bacterial and phage strains and plasmids. These are listed in Table 1 . The lysogen C600 (Aimm* ind ) was constructed from the phage Xclind provided by D. Mount. The minicell-producing strain DS41O and its derivative DS41O/pKB 280 were provided by J. Reeve, plasmid pCRIh7 and phage Xh22 by M. Birnstiel and the remaining bacterial and phage strains by N.E. Murray. Plasmid cDm500 was provided by D. Hogness. Preparation of phage lysates and DNA. Phages were prepared (18) and the DNA recovered by extraction with phenol (29) and stored after dialysis against 10 mM Tris-HCl, pH 8.0, 1 mM EDTA. The two strands of phage DNA preparations were separated after denaturation by equilibrium centrifugation in the presence of poly rU:rG (30) . Plasmid DNA was purified from cleared bacterial lysates by equilibrium centrifugation in CsCl containing ethidium bromide (31) .
Restriction and ligation reactions, recovery of recombinant DNA. Details of these reactions were as in Wilson £it ad. (33) or according to the enzyme supplier. Recombinant plasmids and phage DNA were recovered by transformation of E.coli HB101 which was made competent by the CaCl2~shock method (34) . In vitro packaging (25) was also used for recovery of phage DNA. T4 DNA ligase was purified and used as described by Murray et^ al. (13) . T4 polynucleotide kinase (32) was purified in the laboratory. All restriction endonucleases were from New England Biolabs Inc.
Agarose gel electrophoresis. DNA fragments were separated by electrophoresis in 1% or 1.5% w/v agarose gels in 0.04 M tris-acetate, pH 8.2 (35) . To separate the strands of a particular DNA or DNA fragment, the samples were denatured (14) before electrophoresis in 0.6% agarose gels (for full-length DNA) or 1.5% agarose gels (for DNA fragments) in 0.036 M> tris-phosphate, pH 7.7, 1 mM EDTA (36) . DNA fragments were recovered from the gels by electroelution onto malachite green-polyacrylamide (37) .
In vitro labelling of nucleic acids. DNA was labelled by nick-translation (38) . Specific radioactivities of the product approximated 10° cts/min per yg of DNA. RNA was partially hydrolysed with alkali (39) and labelled with (Y~32P)ATP (spec. act. >2000 Ci/mmol, lmCi/ml, The Radiochemical Centre, Amersham, Bucks.) using the T4 polynucleotide kinase reaction (40) . A preparation containing the five histone mRNAs from the sea urchin Paracentrotus lividus (a gift from M. Melli) was labelled in the same way.
Isolation and fractionation of RNA from infected cells. Highly UV-irradiated cultures of E.coli C600 were infected at a m.o.i. of 5-10 with the vectors or recombinant phages and the RNA extracted (41) . The RNA was further fractionated by centrifugation through a 5-20% sucrose gradient in a buffer containing 0.5% SDS, 0.1 M NaCl, 2 mM EDTA, 50 mM Tris-HCl, pH 7.5, for 15 hr at 23°C in the SW27 rotor at 26.000 rpm. Three main factions were collected corresponding to molecules 16S or larger (fraction I ) , molecules up to 4S (fraction III) and molecules between the two (fraction II).
Nucleic acid-hybridisation experiments. DNA fragments were transferred from agarose gels to nitrocellulose filters for hybridisation (42) . The filters were then cut into longitudinal strips and heated for 2 hr at 80°C in a vacuum oven (43) . The strips were placed in hybridisation solutions containing Electron microscopy. Heteroduplex preparation and cytochrome spreading have been described earlier (37) . E.coli RNA polymerase was bound to the histone DNA fragment (47) but with buffer containing 250 mM KC1 instead of 50 mM. Preparation of transcription complexes and their analysis was carried out as described by Stiiber ££ £l. (48) .
Analysis of polypeptides produced in infected minicells. The minicell producing strain, DS410, and its derivative DS410/pKB280 carrying a plasmid that leads to overproduction of \ repressor (49) was infected with the vectors and recombinant phages, and the polypeptides were labelled with L-(^S)-methionine 14 (spec. act. > 600 Ci/mol 1 mCi/ml) , (U-C)protein hydrolysate (spec. act. > 50 mCi/milliatom carbon, 50 yCi/ml) or 50 yCi/ml of L-( H)-lysine (spec, act. > 600 Ci/mol imCi/ml), in the appropriate Difco assay medium (23, 24) and analysed by electrophoresis in 15% acrylamide gels containing SDS (50). 
RESULTS AND DISCUSSION
Isolation and characterisation of recombinants. DNA from the primary recombinant phages carrying the histone gene cluster from E.esculentus (A55) and P.miliaris (Ah22) ( Table 1) 
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(r)*x Binding of E.coli RNA polymerase to the histone genes and in vitro transcription complexes. The double stranded R.EcoRI (7.1kb from E.esculentus) and R.Hindlll (6.2kb from P.miliaris) fragments were isolated electrophoretically from the two groups of recombinant DNAs. E.coli RNA polymerase was bound to the fragments, fixed and prepared for electron microscopy as described in Materials and Methods (Fig.4d) . The 7.1kb DNA fragment gave a complex pattern of binding sites which could not be oriented unambigously.
However, the two histograms shown in XHistlO with E.coli RNA polymerase were also analysed by electron microscopy.
The histograms (Fig.5b, (Fig.6B, e-h ). This suggests that in vivo transcription can be initiated at internal promoter sequences in accord with the observations made in vitro.
The quantity of RNA is low however because phage DNA replication cannot proceed under these conditions. Digestion of the RNA preparations with DNase before labelling did not affect the results in any of these experiments.
The extent of the transcripts carrying histone gene sequences after infection of non-lysogenic cells was assessed by hybridisation of the RNA to XDNA fragments in a sandwich hybridisation experiment in which only hybrids carrying histone sequences could be observed. XDNA samples were digested with several restriction enzymes, fractionated electrophoretically in agarose gel, transferred to a nitrocellulose filter and hybridised with unlabelled RNA extracted from cells 15 min after infection with the XHist8 recombinant phage. The filter was then re-hybridised with P-labelled preparation of the P.miliaris histone DNA fragment that had been isolated from the recombinant plasmid pCR
Ih7. Fig.7 shows that the only XDNA fragments not hybridising with RNA that contained histone gene sequences were those that had been removed in construction of the recombinants or which contained little homology with the recombinant DNA (Figs.l and 7) . The existence of large histone transcripts (greater
2kb-* • -- quences may have originated within the cloned fragment, or from X promoters, but are consistent with Xgene N-dependent transcription from P L (52, 53) . Since leftwards transcription of the 1 strand of DNA initiated wat the P L promoter can proceed beyond the b2 region of X (54) to produce very large RNA species (55) the existence of large transcripts carrying histone sequences that hybridise with XDNA ( Fig.7) is not surprising and could result from transcription of the histone cluster modulated by PL. The existence of mRNA species containing histone sequences that hybridise with XDNA regions to the right of These results would be expected when transcription of the histone DNA sequences occurs mainly from the P L promoter.
Transcription map of the 6.2kb histone DNA fragment cloned from P.miliaris.
To determine which elements of the P.miliaris cloned DNA had been transcribed DNA from the plasmid pcRIh7 was digested with combinations of R.Hindlll and several other restriction enzymes ( Fig.4b and c) . The existence of large histone transcripts can be reconciled with the transcription map of the P.
miliaris histone DNA if mRNA complementary to some spacer sequences is unstable, whether transcription is initiated at APL promoter or within the DNA insert, since RNA hybridising with these spacers was not found in cell cultures infected with the XHist8 or XHistlO recombinant phages (Fig.9) .
Translation of histone messengers in infected cells. Although the histone sequences are transcribed in E.coli to give large RNA molecules, and in the case of recombinants XHist8 and XHistl the coding strand of the inserted DNA is transcribed preferentially no his tone-like proteins or indeed any new polypeptides, have been detected as translation products from transcripts of any of the recombinants. Genes from other lower eukaryotes (e.g. yeast and Neurospora) can be expressed in E.coli since auxotrophic strains have been successfully complemented by transformation with plasmid and phage DNA carrying fragments of DNA from these sources (56) (57) (58) . Failure to detect the synthesis of histones or histone-like polypeptides in E.coli infected with various X recombinants carrying histone genes may be because the histone mRNA produced lacks sequences necessary for translation. Alternatively, the mRNA produced may be translated but the synthesised histones are highly sensitive to degradation by E.coli proteases.
